The high interobserver variability in grading dysplasia in Barrett's esophagus demands a biomarker that can be applied in routine surgical pathology practice. Immunohistochemistry for phosphorylated histone H3 is a reliable marker of identifying mitotic figures and has not been evaluated in Barrett's esophagus-associated neoplastic lesions. We retrospectively studied the expression of phosphorylated histone H3 in 88 endoscopic biopsy samples of Barrett's esophagus without dysplasia (n ¼ 19), indefinite for dysplasia (n ¼ 11), low-grade dysplasia (n ¼ 27), high-grade dysplasia (n ¼ 19), or adenocarcinoma (n ¼ 12) from a sample of 54 patients. The samples were included after consensus diagnosis of two gastrointestinal pathologists on the hematoxylineosin (HE)-stained sections. Anti-phosphorylated histone H3-labeled mitotic figures were counted per 10 consecutive high-power fields (HPFs) in three distinct regions: surface epithelium, upper 2/3, and lower 1/3 of the crypts. Anti-phosphorylated histone H3-labeled mitotic counts for the three compartments of the crypts and the total scores for Barrett's esophagus, indefinite for dysplasia, low-grade dysplasia, high-grade dysplasia, and adenocarcinoma were compared using the Mann-Whitney U test. For each compartment, the number of anti-phosphorylated histone H3-positive nuclei was higher in low-grade dysplasia than in Barrett's esophagus without dysplasia or indefinite for dysplasia (Po0.001), but no difference was found between Barrett's esophagus without dysplasia and indefinite for dysplasia. High-grade dysplasia biopsies had significantly more anti-phosphorylated histone H3-labeled mitotic figures in the surface epithelium than the low-grade dysplasia (Po0.001). Adenocarcinoma had higher anti-phosphorylated histone H3-labeled mitotic figures than the highgrade dysplasia (Po0.001). Our data support the previous findings of expansion of the proliferative zone and importance of surface mitotic figure in the progression of Barrett's esophagus-low-grade dysplasia-highgrade dysplasia. In addition, phosphorylated histone H3 is a potential supportive marker to histology in differentiating low-grade dysplasia from indefinite for dysplasia and high-grade dysplasia from adenocarcinoma in the mucosal biopsy samples.
Histological examination is considered the gold standard for assessing the risk for esophageal adenocarcinoma in patients with Barrett's esophagus. 1 However, there is a high interobserver variability in the histological grading of Barrett's esophagus-associated dysplasia. [2] [3] [4] This variation is highest between low-grade dysplasia and indefinite for dysplasia and between high-grade dysplasia and early invasive adenocarcinoma. 3 Testing for aneuploidy, tetraploidy, and p16 and p53 genetic abnormalities, such as the loss of heterozygosity of chromosomes 9p and 17p, [5] [6] [7] have been shown to correlate with the risk of adenocarcinoma, but this is difficult to obtain in routine surgical pathology practice, particularly given the limited amount of tissue available in an endoscopic biopsy sample. Immunohistochemical markers, such as a-methyl coenzyme A racemase (AMACR), p53, caspase 3, and survivin, are promising as ancillary tests to facilitate the grading of dysplasia and to diagnose early adenocarcinoma in Barrett's esophagus. [8] [9] [10] Increased cell division with an expanded proliferation zone is consistently observed in gastrointestinal epithelial dysplastic lesions such as inflammatory bowel disease-associated dysplasia 11 and gastric dysplasia. 12 In Barrett's esophagus, dysplastic lesions have elevated proliferation index on Ki67 immunohistochemical staining. Despite the significance of proliferation in precancerous lesions, the role of phosphorylated histone H3, a surrogate marker for mitotic figure, has not been reported in Barrett's esophagus-associated dysplasia and adenocarcinoma. Two points of histone H3 are part of the histone octamer forming the eukaryotic nucleosome core, which has a fundamental role in DNA packaging. The nucleosome plus linker DNA form the nuclear chromatin. Thus, covalent modifications of the histone H3 can profoundly affect chromatin. The acetylation of certain lysine residues of histone H3 leads to gene expression, and methylation of the histone H3 causes gene silencing. The phosphorylation of histone H3 leads to chromatin condensation and mitosis. 13 Previous biochemical studies 14 have shown that, in mammalian cells, histone H3 is phosphorylated at Ser10 during prophase, reaches a maximum during metaphase, diminishes during anaphase, and is lost during telophase and in the post-mitotic cytokinetic state. Because histone H3 protein is maximally phosphorylated during metaphase, a site-specific antibody for the phosphorylated form of the amino terminus of histone H3 is considered a powerful marker for detecting a mitotic figure.
Phosphorylated histone H3 has been shown to facilitate the grading of meningioma 15, 16 and vulvar intraepithelial neoplasms 17 and the differentiation of malignant melanoma from benign melanocytic lesions.
Given the utility of phosphorylated histone H3 as a surrogate marker of identifying mitotic figure in multiple neoplasms, and the importance of cell proliferation in Barrett's esophagus-associated neoplastic lesions, we sought to quantitate mitotic figures and evaluate the pattern of distribution of mitotic figures using phosphorylated histone H3 immunostaining in the tissue samples of Barrett's esophagus, dysplasia, and adenocarcinoma.
Materials and methods

Study Groups
We retrospectively searched the surgical pathology database of the Department of Pathology, The University of Texas MD Anderson Cancer Center, Houston, Texas, and identified endoscopic biopsies with a diagnosis of Barrett's esophagus without dysplasia, Barrett's esophagus with indefinite for dysplasia, Barrett's esophagus with low-grade dysplasia, Barrett's esophagus with high-grade dysplasia or adenocarcinoma from 2005 to 2008. Information on the patient's age, gender, the presence and extent of Barrett's esophagus on endoscopy, endoscopic ultrasound, and computed tomography scan staging of the adenocarcinoma, participation in chemoprevention trials, and previous esophageal or gastric surgery were derived by retrospective review of the patients' electronic medical records. The patients who had ultrashort segment Barrett's esophagus, who had received preoperative chemoradiation, who had undergone previous gastric or esophageal surgery, and who were on chemoprevention trials of Cox 2 inhibitors for esophageal or colon cancers were excluded from the study. The study was approved by the institutional review board with waiver of informed consent (Lab-04-979).
All hematoxylin-eosin (HE)-stained slides were reviewed by two gastrointestinal pathologists in a blinded manner and graded independently. The cases were included in the study after a consensus diagnosis was reached. In cases of discrepancy, the slides were reviewed by a third gastrointestinal pathologist and a consensus diagnosis was rendered. The grading of dysplasia was performed according to the guidelines recommended by the Dysplasia Morphology Study Group 18 into indefinite for dysplasia, low-grade dysplasia, high-grade dysplasia, and adenocarcinoma. All patients with adenocarcinoma on biopsy samples had invasive carcinoma on subsequent resection specimens. Lesions with appropriate orientation on HE sections, containing all three compartments (surface, upper 2/3, and lower 1/3) of the metaplastic crypts, were included. Biopsy samples from the squamocolumnar junction and those with erosion/ulceration or more than occasional intraepithelial neutrophils were excluded.
Immunohistochemical Analysis
For this study, formalin-fixed paraffin-embedded sections (5 mm thick) from biopsy samples were used for immunohistochemical analysis. The immunohistochemistry stain was performed using a Bond Max automated immunostainer (Leica Microsystems, Bannockburn, IL, USA) at the CLIA-certified immunohistochemistry laboratory of the Department of Pathology. The sections were stained with antibody to phosphorylated histone H3 (rabbit polyclonal antibody, 1:400 dilution; Millipore, CA, USA) after antigen retrieval was achieved by treating the slides with Tris-EDTA buffer for 20 min. The primary antibody was detected using polymer detection kit (Leica Microsystems, Bannockburn, IL, USA) that included post-primary antibody, polymer, hydrogen peroxide, 3, 3-diaminobenzidine (DAB), hematoxylin, and DAB enhancer. After antigen retrieval the slides were incubated with the primary antibody for 15 min, postprimary antibody for 8 min, polymer for 8 min, hydrogen peroxide (for blocking endogenous peroxidase) for 3 min, and DAB for 10 min, followed by counterstaining with hematoxylin and DAB enhancer for 8 min each. The slides were washed with ionized distilled water after each step. The slides were then dehydrated with alcohol and mounted with permount. A lymph node or tonsil was used as a positive control. Negative controls were obtained using an identical staining procedure while substituting primary buffer for primary antibody.
The anti-phosphorylated histone H3-positive mitotic figures were counted in three distinct compartments of the crypts: surface epithelial layer, upper 2/3 without the surface layer, and lower 1/3 of the crypts. In each case, the total number of nuclei staining for phosphorylated histone H3 was counted using a Â 40 objective magnification over 10 consecutive high-power fields (HPFs), and the average was calculated for each compartment. The 10 consecutive HPFs for a biopsy specimen usually covered an average of five crypts for each compartment. Because a lower level of punctate and scattered nuclear staining may be observed during interphase (the premitotic phase of the cell cycle), samples with positive nuclear staining that did not show intense chromatin aggregation were excluded.
Statistical Analysis
Phosphorylated histone H3 staining for the three different compartments and total scores for Barrett's esophagus, indefinite for dysplasia, low-grade dysplasia, high-grade dysplasia, and adenocarcinoma were compared using the Mann-Whitney U test. To make all observations independent and to apply the nonparametric tests appropriately, for each of these comparisons, data were excluded from patients with both types of lesion being compared (ie, if a patient had both Barrett's esophagus and low-grade dysplasia in a sample, that patient's data would be used to compare Barrett's esophagus with indefinite for dysplasia, high-grade dysplasia, and adenocarcinoma but not with low-grade dysplasia). A cutoff value for total anti-phosphorylated histone H3-labeled mitotic counts was derived from an ROC curve prepared for comparison of total anti-phosphorylated histone H3-labeled mitotic counts between low-grade dysplasia and indefinite for dysplasia and between adenocarcinoma and high-grade dysplasia. Statistical significance was defined as Po0.05. The power of the study was calculated using SamplePower 2.0 software. The statistical package used was SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
The patient population consisted of 48 men and 6 women, with an average age of 64 years (range, 26-84 years), from whom 88 endoscopic biopsy samples were analyzed. In all, 48 patients had longsegment Barrett's esophagus, and 6 patients had short-segment Barrett's esophagus. We analyzed 19 biopsy samples of Barrett's esophagus without dysplasia (Figure 1a The anti-phosphorylated histone H3 positivestaining mitotic counts in Barrett's esophagus, dysplasia, and adenocarcinoma are summarized in Table 1 . The surface epithelium in Barrett's esophagus without dysplasia (Figure 1d ) was essentially negative for mitotic figure by phosphorylated histone H3 immunostain in all samples except for one showing 1 mitotic figure per 10 HPF. At least 1 mitotic figure per 10 HPF was observed by phosphorylated histone H3 immunostain in the upper 2/3 and lower 1/3 of crypts in 84% of the samples of Barrett's esophagus without dysplasia. Two samples with indefinite for dysplasia showed 1 mitotic figure per 10 HPF by phosphorylated histone H3 immunostain at the surface. At least 1 mitotic figure per 10 HPF in the upper 2/3 and lower 1/3 of the crypts was observed by phosphorylated histone H3 immunostain in 80% of the biopsy samples with indefinite for dysplasia (Figure 1e ). There was no significant difference between Barrett's esophagus without dysplasia and indefinite for dysplasia in anti-phosphorylated histone H3-positive mitotic counts in any compartment of the crypt or in the total counts. The immunostain for phosphorylated H3 showed at least 1 mitotic figure in the surface epithelium in all but 1 (490%) biopsy samples with low-grade dysplasia. All biopsy samples with lowgrade dysplasia showed at least 1 mitotic figure per 10 HPF in the upper 2/3 and lower 1/3 of the crypts by phosphorylated histone H3 immunostain (Figure 1f ). Anti-phosphorylated histone H3-positive mitotic counts in low-grade dysplasia were significantly higher in all compartments than were those in Barrett's esophagus without dysplasia (Po0.001, study power 97%) and indefinite for dysplasia (Po0.002, study power 91%). The ROC curve comparing total anti-phosphorylated histone H3-positive mitotic counts between low-grade dysplasia and indefinite for dysplasia (Figure 3a) showed a cutoff value of 2.5 with 85% sensitivity (85% of all the low-grade dysplasia samples would be diagnosed as low-grade dysplasia) and 1Àspecificity of 0 (0% indefinite for dysplasia samples will be incorrectly identified as low-grade dysplasia). In other words, low-grade dysplasia can be diagnosed with 85% sensitivity and 100% specificity if a biopsy has the total phosphorylated histone H3 mitotic count higher than 3 per 10 HPF and the differential diagnosis is indefinite for dysplasia on HE sections.
Mitotic figures were not identified on H&E sections in surface epithelium on scanning, low and intermediate power review in Barrett's esophagus without dysplasia, indefinite for dysplasia, and low-grade dysplasia. However, on meticulous review by HPF, only rare mitotic figures were observed on H&E sections in surface epithelium of a small number of biopsies with low-grade dysplasia and Anti-phosphorylated histone H3 staining in Barrett's esophagus none in Barrett's mucosa without dysplasia and indefinite for dysplasia. We observed mitotic figures on intermediate and high power on H&E sections in the upper 2/3 and lower 1/3 of crypts in low-grade dysplasia, indefinite for dysplasia, and Barrett's mucosa without dysplasia. Because of the stratification of the epithelium and cellular crowding in the upper 2/3 and lower 1/3 of the crypts, we could not achieve an accurate count for the mitotic figures on H&E section.
All biopsies with high-grade dysplasia showed Z1 mitotic figures by phosphorylated histone H3 immunostain in the surface epithelium (Figure 2c) . The anti-phosphorylated histone H3-positive mitotic counts in high-grade dysplasia were significantly higher in all compartments than were those in Barrett's esophagus without dysplasia (Po0.001) and indefinite for dysplasia (Po0.001). The antiphosphorylated histone H3-positive mitotic count in the upper 2/3 and lower 1/3 of the crypts did not Anti-phosphorylated histone H3 staining in Barrett's esophagus differ significantly between low-grade dysplasia and high-grade dysplasia. However, the anti-phosphorylated histone H3-positive mitotic count in the surface epithelium was significantly higher in high-grade dysplasia than in low-grade dysplasia (Po0.001, study power 90%). The anti-phosphorylated histone H3-positive mitotic counts in invasive adenocarcinoma ( Figure 2d ) were 41 per HPF and were significantly higher than total antiphosphorylated histone H3-positive mitotic counts in high-grade dysplasia (P ¼ 0.001, study power 90%), low-grade dysplasia LGD (P ¼ 0.001), indefinite for dysplasia (Po0.001), and Barrett's esophagus without dysplasia (Po0.001). The ROC curve comparing total anti-phosphorylated histone H3 mitotic counts between adenocarcinoma and highgrade dysplasia (Figure 4a ) showed a cutoff value of 10.5 with 100% sensitivity (100% of all the adenocarcinoma samples would be diagnosed as adenocarcinoma as such) and 1Àspecificity of 0 (0% high-grade dysplasia samples will be incorrectly identified as adenocarcinoma). In other words, antiphosphorylated histone H3-positive mitotic counts greater than 11 per 10 HPF (more than 1 per HPF) is diagnostic of adenocarcinoma, when the differential diagnosis is high-grade dysplasia on HE sections. We observed the presence of mitotic figures in the lower 1/3 of crypts in high-grade dysplasia and invasive component of adenocarcinoma on intermediate power. However, the surface mitotic figures were infrequent on H&E sections in the high-grade dysplasia and were observed only after meticulous search. Figure 3 shows the range, median, and s.d. of total anti-phosphorylated histone H3-positive mitotic counts and anti-phosphorylated histone H3-positive mitotic counts in different crypt compartments in different lesions, thus illustrating the differences described above.
Discussion
To our knowledge, this study is the first to show that phosphorylated histone H3 is diagnostically useful for studying mitotic figures and alterations in proliferation compartments of different categories of Barrett's esophagus-associated neoplastic lesions. Higher surface anti-phosphorylated histone H3-positive mitotic counts in dysplastic lesions than in nondysplastic Barrett's esophagus indicates an expansion of the proliferation zone in dysplastic lesions. This finding, along with higher anti-phosphorylated histone H3-positive mitotic counts in other compartments in low-grade dysplasia than in indefinite for dysplasia, suggests the utility of phosphorylated histone H3 as an adjuvant marker to histology for differentiating between these two types of lesion. The ROC curve showed that average total pHH3 counts higher than 2.5 per 10 HPF have very high specificity in excluding any false-positive indefinite for dysplasia from low-grade dysplasia. On subgroup analysis, comparison of anti-phosphorylated histone H3 mitotic counts between cases with agreement and disagreement between two pathologists for indefinite for dysplasia and lowgrade dysplasia did not yield conclusive results because of the smaller sample size for the subgroup in each lesion.
In our study, all the biopsies were appropriately oriented and samples from the squamocolumnar junction were excluded. These criteria reduced interobserver variability in diagnosing indefinite for dysplasia, and thus the spectrum of biopsies with indefinite for dysplasia was somewhat limited. In addition, we excluded cases of indefinite for dysplasia or dysplasia with intraepithelial neutrophils to minimize the effects of oxygen-derived free radicals on mitotic activity. It would be interesting to compare phosphorylated histone H3 counts in similar grades of dysplasia, with and without the presence of intraepithelial neutrophils.
A number of markers have been explored that might be useful for differentiating dysplastic lesions in Barrett's esophagus. AMACR has been shown to be useful in differentiating between nondysplastic and dysplastic Barrett's esophagus. Dorer and Odze 8 showed that AMACR staining was absent in all biopsy samples of Barrett's esophagus without dysplasia but was positive in 38% of low-grade dysplasia samples, 81% of high-grade dysplasia samples, and 72% of adenocarcinoma samples. That study also found AMACR staining in 21% of samples that were originally diagnosed as indefinite for dysplasia. These findings were supported by the results of a study from Scheil-Bertram et al. 19 However, a recent study by Shi et al 20 showed AMACR expression at the rates of 12% in Barrett's esophagus without dysplasia, 47% in indefinite for dysplasia, 44% in low-grade dysplasia, 93% in highgrade dysplasia, and 96% in adenocarcinoma, suggesting that AMACR has lower specificity for distinguishing between Barrett's esophagus with and without dysplasia. The strength of AMACR is that the test is a simple qualitative assessment of positive cells. However, the pathogenic mechanism of AMACR expression in Barrett's esophagus-associated dysplastic lesions is unknown.
Parenti et al 10 showed overexpression of survivin, an inhibitor of programmed cell death, and of caspase 3, a protease that induces apoptosis, in both the proliferating and maturing compartments in dysplastic lesions compared with expression in Barrett's esophagus without dysplasia. However, no statistically significant difference in the expression of both markers was noted between low-grade dysplasia and high-grade dysplasia.
DNA ploidy has been shown to be an objective marker for the progression of Barrett's esophagus to dysplasia. 21 An aneuploid component in Barrett's esophagus is associated with the development of invasive adenocarcinoma. 22 However, flow-cytometric analysis requires extra tissue to obtain adequate cells for analysis, and another limiting factor is the lack of flow-cytometric equipment at smaller health care centers. Loss of heterozygosity of chromosome 17p has been determined to be a marker of Barrett's esophagus progression. 5 A p53 mutation has been shown in the progression of Barrett's esophagus and is the underlying genetic change for loss of heterozygosity in chromosome 17p. 22 Tumor suppressor genes, such as p16, RUNX3, and HPP1 that undergo methylation, have been shown in one study 23 to function as biomarkers for predicting the progression of Barrett's esophagus to adenocarcinoma. Those investigators proposed a three-tiered risk-stratification system 24 based on three clinical parameters including histology, and four methylation-related parameters (normalized methylation values for p16, HPP1, and RUN3 and methylation index). Although these markers hold promise as markers of progression, they need to be evaluated as adjuvant markers for the histological diagnosis of Barrett's esophagus-associated dysplasia. In contrast to some of these markers, the strength of phosphorylated histone H3 is its easy applicability to routine surgical pathology practice and its utility as a reliable validated marker of mitosis, which is a well-known feature of higher grade neoplastic lesions.
In mammalian cells, H3 phosphorylation at Ser-10 residue occurs throughout the condensing chromatin and is lost just before the formation of telophase chromosomes.
14 Furthermore, immunocytologic studies have shown that there is a precise spatial and temporal correlation between H3 phosphorylation and mitotic condensation. 23 Thus, pHH3 serves as a highly selective marker for direct quantitation of the mitotic index. Previous studies 9,25,26 using Ki-67 immunohistochemistry have shown expansion of the proliferation compartment in Barrett's esophagus with dysplasia. Hong et al 25 showed that Ki-67-positive nuclei in each mucosal compartment were significantly different in Barrett's esophagus without dysplasia than in Barrett's esophagus with low-grade dysplasia. However, they observed inconsistent results in indefinite for dysplasia samples. Olvera et al 26 found no value for Ki-67 immunohistochemical staining in distinguishing between low-grade dysplastic epithelium and cardiac mucosa or nondysplastic intestinal epithelium. Our study corroborates the results of the study by Hong et al, 25 except that we found lower mitotic counts in indefinite for dysplasia than in low-grade dysplasia. Ki-67 immunostain stains the cells in the G1, S, G2, and M phases of cell cycle, 27 whereas anti-phosphorylated histone H3 stains cells only in the M phase. Because different factors affect the different stages of the cell cycle, assessing cells only in the M phase is a more specific marker of cell division than is detecting cells in all phases of the cell cycle. In this respect, phosphorylated histone H3 is a better and specific marker for cell division than is Ki67. Because of this reason, we did not compare the Ki67 proliferative index with anti-phosphorylated histone H3 mitotic counts in this study.
A salient feature of our study was the showing of phosphorylated histone H3 as a marker of surface mitotic figures in Barrett's esophagus-associated dysplastic lesions. Immunostaining for phosphorylated histone H3 is a quick and reliable marker for identifying a mitotic figure. 28 Phosphorylated histone H3 is particularly useful in lesions in which mitotic figures on HE-stained sections are difficult to count because of the paucity of mitosis, hypercellularity, cellular crowding, apoptosis, and admixed inflammatory cells. Because of these features; we faced difficulties in this study in counting mitotic figures on H&E sections in Barrett's esophagus and dysplasia, indicating that phosphohistone H3 is a more effective marker for identifying mitosis than mitotic counts performed on HE sections.
Our result of higher anti-phosphorylated histone H3-positive mitotic counts in the surface epithelium of high-grade dysplasia than in low-grade dysplasia is corroborated by results of another studies, 29, 30 suggesting that surface mitotic figure is an important marker of a higher grade of dysplasia. In our study, mitotic figure was identified in each HPF by phosphorylated histone H3 immunostain in invasive adenocarcinoma and was threefold higher than high-grade dysplasia. In addition, an excellent ROC curve was obtained between adenocarcinoma and high-grade dysplasia, showing that a cutoff value for anti-phosphorylated histone H3-positive mitotic counts higher than 10.5 has 100% sensitivity and specificity in differentiating adenocarcinoma from high-grade dysplasia. These observations indicate that this marker holds promise as an ancillary marker for differentiating between early adenocarcinoma and high-grade dysplasia. This distinction is critical given recent advancements in endoscopicbased therapy in which the diagnosis of unequivocal invasion excludes patients from surveillance. Mitotic counts have shown to be useful in differentiating between in situ and invasive carcinoma in cervical squamous carcinoma, 31 endocervical adenocarcinoma, 32, 33 and melanoma. 34 To our knowledge, this is the first study showing the utility of mitotic figures in differentiating invasive carcinoma from highgrade dysplasia in the Barrett's esophagus.
In summary, our data support those of previous studies that showed that the proliferation zone, from the base of the crypt to the surface epithelial layer, expands during the progression of dysplasia in Barrett's esophagus and that surface mitotic figure is an important marker in Barrett's esophagus-associated dysplastic lesions. In addition, our findings also indicate the potential use of phosphorylated histone H3 for differentiating low-grade dysplasia from indefinite for dysplasia and high-grade dysplasia from invasive adenocarcinoma in endoscopic biopsy samples; this potential warrants the further evaluation and validation of this marker in a larger and different subset of patients.
